1. Introduction {#sec1}
===============

Coronary artery disease (CAD) remains a leading cause of morbidity and mortality \[[@B1]\]. Coronary revascularization (restoring blood flow to the myocardium) remains the standard treatment for obstructive CAD and can be accomplished by either percutaneous coronary intervention (PCI) or coronary artery bypass graft (CABG) surgery. PCI has become the most frequently performed means of revascularization, aided by considerable advances in the field. What started as simple balloon angioplasty has now evolved through many generations of vascular scaffolds, from bare-metal stents (BMSs) to first and then second generation drug-eluting stents (DESs) \[[@B2]--[@B5]\]. While early technologies in PCI were fraught with high rates of complications including abrupt vessel closure, subsequent advances have mitigated much of this risk. Nevertheless, numerous challenges remain, including in-stent restenosis (ISR) and stent thrombosis (ST), collectively occurring in 5--8% of cases per year \[[@B6], [@B7]\]. Moreover, our understanding of the vessel wall\'s response to injury continues to evolve offering further opportunities for therapeutic intervention as our understanding of the impact that progenitor populations play has crystallized. Over the last decade, characterizing progenitor cell populations, understanding their role in vascular homeostasis, and harnessing their therapeutic potential by modifying them at a biological level remain areas of intense investigation.

The vessel wall\'s response to injury (e.g., plaque disruption and/or stent deployment) depends on many interdependent factors, including the insult itself in combination with the dynamic nature of the vessel wall-stent interface (including the cellular composition of the vessel wall and stent material and dimensions), vascular tone, and circulating signals. Indeed, PCI itself prompts endothelial denudation and disruption of vascular homeostasis given the high pressure balloon inflation and subsequent force transmitted by stent struts to the endothelial layer extending damage through the underlying medial and adventitial layers \[[@B8]\]. In response to injury, the endothelium secretes a variety of molecules that influence vascular tone, inflammatory cell invasion, thrombus formation, and smooth muscle cell proliferation \[[@B9]\]. Indeed, stent-induced endothelial injury leads to platelet activation and thrombus propagation which alone can result in stent thrombosis \[[@B10]\]. As well, injury mediated inflammation is driven by activation of hypoxia-induced factor (HIF), which has a downstream effect on a number of factors including stromal cell derived factor-1 (SDF-1), angiopoietin, interleukin-8 (IL-8), vascular endothelial growth factor (VEGF), and c-Kit ligand to name a few \[[@B11]\]. Collectively, this activation stimulates the influx of inflammatory cells (neutrophils, monocytes, and macrophages) into the vascular wall, while also stimulating smooth muscle cells (SMCs) and myofibroblasts leading to neointima (NI) formation and subsequent ISR \[[@B12]\]. Paradoxically, this process, including VEGF secretion in particular, provides a stimulus for mobilizing endothelial progenitor cells (EPCs) to the site of injury and mediating vascular repair \[[@B13]\], the mechanisms of which are reviewed in detail below.

EPCs represent an attractive therapeutic option given their purported ability to promote vascular repair after stent placement. Accordingly, an inverse correlation between circulating EPC numbers and both atherosclerotic burden and probability of future cardiovascular risk has been noted \[[@B14], [@B15]\]. Furthermore, patients with ISR also have lower numbers of circulating EPCs and impaired EPC function \[[@B16], [@B17]\]. Given the potential benefits of EPC activity at sites of vascular injury, means of augmenting their number and/or function has been pursued and bolstered by clinical and animal studies suggesting improved outcomes following administration of EPCs \[[@B18], [@B19]\]. Furthermore, evidence suggests that EPCs are mobilized in patients with acute coronary syndromes, suggesting the presence of an endogenous mechanism that, if harnessed, could potentially improve outcomes \[[@B20], [@B21]\]. This work has stimulated interest in the importance of EPC signaling, number, and function in modulating vascular homeostasis with the potential for therapeutic benefit by capitalizing on EPC biology, particularly in the setting of PCI \[[@B22]\]. Herein, we review the biology of EPCs and their role as marker, modulator, and therapeutic agent for vascular repair.

2. Endothelial Progenitor Cells {#sec2}
===============================

Vascular progenitor cells were first observed in animal models when implanting Dacron grafts or silastic tubes \[[@B23]--[@B29]\]. These experiments first indicated the existence of a "pseudointima" composed primarily of endothelial cells and vascular smooth muscle cells, generating interest as to the origin of these cells \[[@B30]\]. This origin was finally discovered in 1997, when Asahara isolated EPCs from peripheral blood, describing them as CD34+ cells circulating in the human vasculature which were subsequently implicated in vascular homeostasis and endothelial repair \[[@B5], [@B31]--[@B34]\]. Subsequent studies described the incorporation of bone marrow-derived EPCs into blood vessels following hind limb ischemia \[[@B35]\] and myocardial infarction \[[@B36]\] as well as at wound \[[@B37]\] and tumour \[[@B38]\] sites. EPCs are believed to promote vascular repair by homing to sites of vascular injury where they act via \[[@B1]\] paracrine signaling to neighbouring cells (now believed to represent the predominant mode of action) and \[[@B2]\] transdifferentiating to mature endothelial cells and undergoing angiogenesis to form new blood vessels \[[@B5], [@B39]\] ([Figure 1](#fig1){ref-type="fig"}). In this way, EPCs are believed to hold therapeutic promise, though harnessing this potential has proven challenging.

2.1. The Evolving Definition of EPCs {#sec2.1}
------------------------------------

Since their discovery, the precise definition of EPCs remains the subject of considerable debate and represents a major hindrance in understanding the biology and application of these unique cells. This is believed to be a driving force behind conflicting results noted in both preclinical and clinical trials, where differing methodologies in cell sources, cell purification, detection methods, and animal models or assays have been published \[[@B40]\]. Thus far, EPCs have been identified through two main methods: (1) cell-surface markers and (2) colony forming units (CFUs) and cultured/circulated angiogenic cells (CACs) ([Figure 2](#fig2){ref-type="fig"}). However, while these methods allow for the physical identification of EPCs, they are unable to characterize the in vitro activity of these cells nor the phenotype they express in physiologic conditions. We herein briefly discuss two common methods used to define EPCs.

### 2.1.1. Identification by Cell-Surface Markers {#sec2.1.1}

EPCs can be classified based on the expression of specific cell-surface antigens via flow cytometry ([Table 1](#tab1){ref-type="table"}). Mature endothelial cells (ECs) express multiple surface antigens including CD34, VE-cadherin, von Willebrand factor (vWF), kinase insert domain-containing receptor (KDR) or VEGFR2, and E-selectin \[[@B41]\]. However, surface antigen expression varies between mature ECs depending on the specific vessel, organ, and activation state of the endothelium. To distinguish between EPCs and mature ECs shed after vascular injury, CD133 (AC133) was utilized, given that it is typically lost during maturation of EPCs into mature ECs. Surface markers CD34, VEGFR2, and CD133 have been widely accepted by researchers for defining EPCs, though many studies typically employ two of the three receptors \[[@B40], [@B41]\]. Other studies of EPCs have employed CD45dim/CD34/CD133/CD117, with CD117 playing a role in mobilization of hematopoietic stem cells \[[@B32], [@B42], [@B43]\]. In 2007, Case et al. isolated EPCs from adult peripheral blood by targeting CD34+ VEGFR2+ and CD133+ cells which did not contribute to the formation of mature endothelial cells in vitro, further challenging the existing models of progenitor cells \[[@B44]\]. Despite controversy, cell-surface marker-based definitions of EPCs (namely, CD34+/KDR+) have been demonstrated to be predictive of cardiovascular outcomes in patients, lending support to this approach \[[@B15]\]. Further work, including in vivo and in vitro assessment of endothelial differentiation capacity, is required to better define this subpopulation of progenitors and ensure future studies and therapies focus on a homogeneous population.

### 2.1.2. Identification by Culture-Based Techniques {#sec2.1.2}

EPCs can also be isolated from peripheral blood by plating these cells in various cell culture assays and assessing their colony forming ability ([Figure 2](#fig2){ref-type="fig"}). Asahara et al. first identified these CD34+ EPCs based on cluster-forming cells \[[@B31]\]. Colony counts were used as a predictor of the number of circulating progenitors while the spindle-shaped cells surrounding each colony were identified as EPCs. In 2003, Hill et al. isolated peripheral blood mononuclear cells (PBMCs) from venous blood by Ficoll gradient centrifugation. To minimize contamination by mature ECs, PBMCs were plated for 48 hours onto a fibronectin plate and then the nonadherent cells were replated onto a fibronectin-coated plate to quantify EPC-derived colonies. Colonies were then characterized by thin, flat cells which radiated from a centre of clustered cells. The assay was commercialized and these colonies were referred to as colony forming unit-Hill (CFU-Hill). The CFU-Hill assay demonstrated an inverse relationship between the circulating CFU-Hill concentration and Framingham cardiovascular risk score in humans \[[@B14]\]. However, later work called into question the reliability of these units for quantifying EPCs and instead noted they may actually represent cells of macrophage/monocyte and/or T-cell origin \[[@B60]\]. Nonetheless, while CFU-based definitions of EPCs may remain imprecise, they have been shown to serve as a marker of clinical endpoints \[[@B14]\].

Identifying the relationship between these two different isolation methods for EPCs is vital to ensuring a uniform definition of EPCs. One study examined the relationship of both methods and revealed that CFU numbers did not correlate to numbers of either CD34+/KDR+ or CD34+/KDR+/CD133+ cells \[[@B61]\]. In 2007, CD34^+^/VEGFR2^+^/CD133^+^ cells were isolated using a cell sorter and assayed using two different endothelial culture systems and hematopoietic colony assays. No endothelial colonies formed and the isolated cells expressed the hematopoietic cell marker, CD45 \[[@B44]\]. One possible explanation for this is that sorted cells may lose critical signaling molecules in the process, which impact the ultimate endothelial phenotype observed in other trials, though this phenomenon is poorly understood. In addition, surface markers used to define EPCs are also found in myeloid-monocytic cells, which may result in isolation of impure EPC populations \[[@B62]\]. Hence, the ideal methodology for isolating and defining an EPC remains the subject of debate, hampering therapeutic advancements.

2.2. Sources of EPCs {#sec2.2}
--------------------

### 2.2.1. Bone Marrow {#sec2.2.1}

Asahara et al. described the first EPCs as originating in the bone marrow \[[@B31]\]. The bone marrow cells used expressed LacZ (*β*-galactosidase), which was transcriptionally regulated by an endothelial-specific promoter (Tie2 or Flk-1). The group identified LacZ-positive cells in the developing neovasculature in all the models \[[@B41]\]. Since then, several other animal models of ischemia have supported the role of bone marrow-derived mononuclear cells in vascular development \[[@B63], [@B64]\]. Moreover, several clinical trials have employed bone marrow-derived progenitor cells following revascularization for acute myocardial infarction with varying levels of success in terms of mortality and ventricular recovery \[[@B65]\].

### 2.2.2. Kidney {#sec2.2.2}

Renal progenitor cells (RPCs) were isolated from normal adult human kidney cortical parenchyma with cell-surface markers CD133+ and PAX-2+ (embryonic renal marker). These RPCs were capable of self-replication and could be differentiated in vitro into epithelial or endothelial cells \[[@B66]\]. "Nephrospheres" formed by these cells in culture form the basis of a functional assay used for stem cell isolation. One group utilized the PKH26 tracer to identify CD133+/CD24− cells that differentiated into cells with epithelial, endothelial, or podocytic features \[[@B67]\]. It is thought that these resident RPCs may play a role in renal repair in adults though there is limited data to support this \[[@B68], [@B69]\].

### 2.2.3. Blood Vessel Wall {#sec2.2.3}

Most models of EPC-mediated vascular repair invoke the homing capability of bone marrow-derived EPCs that are circulating in the blood. It is believed that human aortic endothelial cells (HAECs) or human umbilical vein endothelial cells (HUVECs) from vessel walls are terminally differentiated into mature ECs \[[@B70]\]. However, when HAECs were isolated to examine the hierarchy of ECs based on their proliferative capacity, they were able to be passaged in vitro for \>40 population doublings using a single-cell deposition assay, thereby suggesting the existence of resident high proliferative potential endothelial colony forming cells (HPP-ECFCs) line, which may assist in vascular repair \[[@B70]\]. This finding suggested that angiogenesis may in fact be mediated by EPCs \[[@B71]\]. However, increasing evidence suggests that resident ECs actually repair the damaged endothelium, challenging the previous premise that this ability was exclusive to circulating EPCs. Hagensen et al. compared the contribution of circulating and resident cells to vascular repair by transplanting wire-injured carotid artery segments from wild-type mice into Tie2-GFP mice, which expressed GFP in ECs. This model found that the vascular endothelium that formed in response to injury likely arose via migration of surrounding ECs rather than from circulating progenitor cells \[[@B72]\]. Further work is ongoing to identify and characterize the regenerative resident cells within arterial systems.

Recently, in addition to circulating progenitor cells, the existence of resident vascular progenitor cells within the adventitia of blood vessels has been demonstrated. ApoE^−/−^ mice were used to identify adventitial progenitor cells stained by Sca-1, CD34, and Flk-1 \[[@B73]\]. Indeed, Sca-1+ cells were able to differentiate into both ECs and smooth muscle cells (SMCs), thereby potentially contributing to both reendothelialization and/or NI formation, respectively \[[@B74]\]. In 2007, Pasquinelli et al. identified two separate progenitor cell populations between the media and adventitia in human femoral arteries and thoracic aortas \[[@B75]\]. They isolated CD34+ and c-kit+ cells that acquired EC properties when cultured in the presence of VEGF. In 2010, Campagnolo et al. isolated CD34+/CD31− cells from human saphenous veins in CABG patients. These progenitor cells could differentiate into adipocytes, pericytes, and SMCs, stimulated angiogenesis, and improved blood flow when injected into ischemic hind limbs of mice \[[@B76]\].

### 2.2.4. Adipose Tissue {#sec2.2.4}

Adipose tissue was identified as a source of EPCs when Planat-Benard et al. isolated human adipocytes and dedifferentiated them into cells capable of then differentiating into adipocytes or ECs under appropriate conditions \[[@B77]\]. Isolating EPCs from peripheral blood is time consuming whereas adipose tissue may represent an alternative source from which to isolate EPCs. These adipose tissue-derived EPCs (ADEPCs) were capable of enhancing HUVEC capillary-like tube formation on Matrigel \[[@B78]\] and participated in neovascularization when transplanted into rat models of traumatic brain injury \[[@B79]\]. Recent work to characterize the surface markers of ADEPCs has demonstrated the presence of many described EPC markers including CD34, Stro-1, VEGFR-2 (KDR), eNOS, and CD31 \[[@B78]\].

### 2.2.5. Spleen {#sec2.2.5}

Several studies have confirmed an important role for the spleen in EPC mobilization and transplantation \[[@B80]\]. Most hematopoietic stem cells (HSCs) migrate to sinusoids in the bone marrow and spleen and communicate with the endothelium within them, an interaction that seems to be important for their maintenance \[[@B81]\]. Transplantation of spleen-derived mononuclear cells restored endothelium-dependent vasodilation in atherosclerotic ApoE mice, suggesting a splenic source of EPCs for vascular repair \[[@B82]\]. Also, EPCs isolated from spleen homogenate improved reendothelialization and reduced neointima (NI) formation in a model of carotid artery endothelial injury \[[@B83]\].

2.3. EPC-Mediated Vascular Repair {#sec2.3}
---------------------------------

### 2.3.1. Mobilization {#sec2.3.1}

The predominance of evidence supports bone marrow-derived EPCs as the most likely source for arterial repair and accordingly we will focus on their mobilization, reviewing various chemokines responsible for guiding EPCs to sites of vascular injury. VEGF, an effective mobilizer and activator of angiogenesis, is believed to induce proliferation, differentiation, and chemotaxis of ECs following vessel injury \[[@B84]\]. Accordingly, augmenting VEGF levels via an adenovirus that expresses VEGF promoted recruitment of EPCs to sites of injury and promoted neovascularization in mice models. This effect is potentially mediated by matrix metallopeptidase-9 (MMP-9) which is converted to the soluble survival factor sKitL, thereby enhancing VEGFR2+ progenitor cells and facilitating transport from osteoblast-rich locations to vascular areas, promoting movement into the circulation \[[@B85]\]. Interestingly, nitric oxide (NO) appears to play a major role in the expression of MMP-9 in its inactive and active form. Studies of endothelial nitric oxide synthase 3 knockout mice (NOS3 KO) have shown reduced expression and activity of MMP-9 even after stimulation with VEGF. These same mice demonstrated reduced neovascularization with induced ischemia and reduced EPC mobilization to ischemic areas \[[@B86]\]. In contrast, AVE9488 (eNOS upregulator) increased NO expression in EPCs and enhanced their migratory capacity \[[@B87]\]. Thus, it appears that NO and MMP-9 play a critical role in facilitating VEGF-mediated angiogenesis.

Secondarily, SDF-1 is a chemokine of growing interest, a constitutively expressed protein that is upregulated by inflammatory mediators, extracellular matrix changes, mechanical forces, and hypoxia \[[@B88]\]. Platelets secrete SDF-1 upon being activated at sites of injury, which may provide the local signal needed to recruit EPCs to the site of injury. In fact, SDF-1 seems to only induce neovascularization in the presence of ischemic injury \[[@B89]\]. In NOS3 KO mice, SDF-1-associated neovascularization and EPC mobilization were silenced, suggesting that VEGF/eNOS signaling pathways likely play important roles in this vascular homeostasis \[[@B90]\]. Additional factors with similar function to SDF-1 include estrogen, statins, and erythropoietin. These factors improve EPC mobilization and neovascularization and inhibit neointima hyperplasia but are similarly silenced in NOS3 KO mice \[[@B91]--[@B94]\].

### 2.3.2. Homing {#sec2.3.2}

Understanding the mechanism by which EPCs home to sites of vascular injury is critical to harnessing their therapeutic potential. This process is thought to be similar to the rolling and adhesion behaviour exhibited by leukocytes in the setting of inflammation. EPC homing involves an interaction between EPC surface molecules and associated ligands expressed on dying ECs. P- and E-selectin are believed to play critical roles in this process. Foubert et al. have shed light on this process through their studies on the erythropoietin-producing human hepatocellular carcinoma (Eph) receptor and its associated ephrin ligands, which are regulators of vascular development. The group has shown that Eph4B activation by ephrin-B2-Fc chimeric protein increases the angiogenic potential of human EPCs in a hind limb ischemia mouse model and that this response is blunted with EphB4 siRNA treatment. Eph4B appears to elevate P-selectin glycoprotein ligand-1 expression and EPC adhesion, an effect that can be abrogated with utilizing neutralizing antibodies to E- and P-selectin \[[@B95]\]. *β*2-Integrins on the surface of EPCs mediate migration and adhesion of EPCs to the damaged endothelium as well as neovascularization \[[@B96]\]. High motility group box 1 (HMGB1) has been shown to activate *β*1- and *β*2-integrins on the surface of EPCs by binding to HMGB1 receptors RAGE (receptor for advanced glycation endproducts) and TLR2 (toll-like receptor 2). Interestingly, HMGB1 is released into the extracellular space upon necrosis, but not apoptosis, and was associated with improved homing and adhesion of EPCs to the site of injury \[[@B97]\].

Next, intercellular adhesion molecule-1 (ICAM-1) upregulation in ischemia has been noted to increase EPC recruitment to ischemic limbs \[[@B98]\]. As a hypoxia-responsive gene, integrin-linked kinase (ILK) regulates ICAM-1 expression. Its overexpression is thus associated with increased expression of ICAM-1 as well as SDF-1 in ECs, two key molecules involved in the recruitment of EPCs during vasculogenesis \[[@B99]\]. The synergy between EPC surface proteins and endothelial and/or extracellular ligands is therefore essential for EPC homing to sites of injury ([Figure 1](#fig1){ref-type="fig"}).

Apart from EPC migration to sites of vascular injury, EPC invasion of injured tissue is critical for organ repair and function. Gene expression profiling of EPCs and mature ECs has identified the protease Cathepsin L (CathL) as being highly expressed. CathL was shown in vitro to be crucial for matrix degradation and EPC invasion. A CathL-deficient hind limb ischemia mouse model characteristically shows poor limb recovery. As well, when CathL-deficient progenitor cells are infused, impaired homing to sites of injury and impaired neovascularization are observed \[[@B100]\]. EPCs lacking MMP-2 similarly show reduced invasiveness and proliferative capabilities \[[@B101]\]. Hence, numerous molecules have been implicated in the homing of EPCs via a rolling and adhesion model, with additional protease-mediated invasion as required.

### 2.3.3. Paracrine Effects {#sec2.3.3}

It is unlikely that EPC transdifferentiation into mature ECs represents a meaningful reparative mechanism. Rather, an increasing number of studies have shown that these circulating cells may facilitate arterial repair through paracrine influence on neighbouring cells ([Figure 1](#fig1){ref-type="fig"}). Many of the cells previously identified as EPCs have more recently been shown to derive from a monocytic lineage, suggesting that they may contribute to vascular repair by releasing paracrine factors such as VEGF \[[@B102]\]. For example, treatment of HUVECs and coronary artery endothelial cells (CAECs) with cultured media (CM) from EPCs or mature ECs demonstrated that EPC-derived CM has higher levels of IL-8 and it demonstrated a stimulatory effect on HUVEC and CAEC proliferation \[[@B103]\].

Paracrine signaling appears to be an important aspect in both early and late EPCs. Early EPCs are derived from a monocytic cell lineage (CD14+) to form spindle-shaped cells after 7 days of culture. In contrast, late EPCs are derived from a CD34+ lineage after 14--28 days in culture and resemble ECs \[[@B39]\]. Early EPCs have a modest contribution to the direct incorporation into the endothelium relative to late EPCs \[[@B104]\] but secrete proangiogenic stimulatory cytokines such as VEGF, fibroblast growth factor (FGF), IL-8, placental growth factor, SDF-1, and platelet derived growth factor (PDGF) \[[@B105], [@B106]\]. Additionally, the manipulation of the VEGF-Akt pathway could stimulate cell survival and proliferation \[[@B107]\]. These signals are critical as they contribute to endothelial regeneration by recruiting resident endothelial and cardiac progenitor cells to improve endothelial regeneration. Late EPCs have a direct role in neovascularization but a reduced role in paracrine signaling compared to early EPCs. However, they still have been shown to secrete proangiogenic factors including VEGF, IL-8, and PDGF \[[@B108]\]. They suggest that further subsets of EPCs could be defined based on their secretion profile, while modulation of their chemokine profile may help improve their inflammatory profile \[[@B109]\].

More recently, EC-derived microparticles (EMPs) or microvesicles (MV) have been identified as vehicles for different paracrine modes of action. EMPs are complex vesicles shed from activated or apoptotic ECs which play a major role in endothelial function and angiogenesis. EMPs are highly functional molecules with several surface molecules and contain DNA, RNA, or microRNA \[[@B110]\]. These EMPs are taken up by target cells, such as mature ECs, to stimulate endothelial regeneration \[[@B62]\]. Injection of EMPs has been associated with attenuated kidney injury in rats by enhancing proliferation and decreasing apoptosis. This effect was reduced after treating EMPs with RNase or miRNA depletion, implicating a potential function of RNA within EMP for vascular repair \[[@B111]\]. Others have shown that treatment with EMPs accelerates endothelial repair after carotid artery injury in mouse models and that miRNA-126 within EMPs plays a critical role in regulating EC mobilization, proliferation, and regeneration \[[@B112]\]. As we continue to decipher the underlying biology of progenitor cells, the impact of paracrine signaling for vascular repair appears to grow evermore important, presenting both obstacles but also more potential therapeutic targets.

3. Therapeutic Potential {#sec3}
========================

Preclinical trials involving EPCs have shown promising results, with EPCs demonstrating the ability to specifically incorporate into the site of injury and mitigate neointima formation \[[@B113]\]. Our group isolated cultured angiogenic cells from patients with CAD and showed that improving CACs could improve reendothelialization \[[@B42]\]. Other substances, including estrogen, G-CSF, and leptin have been demonstrated to mobilize EPCs and enhance arterial repair after vascular injury in animal models \[[@B114]--[@B116]\]. Accordingly, endothelial dysfunction is thought to portend cardiovascular disease. Thus, circulating EPC levels may serve as a potential biomarker of endothelial function and integrity, while augmenting EPC levels may represent a viable therapeutic target. Understanding and augmenting endogenous EPCs have attracted considerable attention thus far, so does the transplantation of EPCs directly into sites of injuries. Indeed, these two therapeutic themes represent the majority of applications of EPCs in a therapeutic role to date. However, clinical trials augmenting EPC levels and activity have great variation in EPC isolation techniques and definitions, likely contributing to conflicting results and hindering the advancement of EPCs in the therapeutic realm.

3.1. Augmenting Endogenous EPCs {#sec3.1}
-------------------------------

### 3.1.1. Antihypertensive Therapy {#sec3.1.1}

Some common antihypertensive (i.e., blood pressure lowering) agents include angiotensin converting enzyme inhibitors (ACEi), angiotensin II receptor blockers (ARB), and calcium channel blockers (CCB). All of these agents have been extensively studied and yielded an improvement in EPC number and function by differing mechanisms of action. ARBs have improved numbers and function of EPCs by inhibiting oxidative stress \[[@B117]\], while ACEi yielded augmented EPC number and function when given to patients with stable CAD \[[@B118]\]. ACEi have also demonstrated stimulation of nitric oxide activity and diminished oxidative stress in human cells \[[@B119]\]. CCBs such as nifedipine improved EPC function and provided a greater resistance to oxidative stress and apoptosis \[[@B120]\]. Hence, considerable evidence supports the role for antihypertensive agents in improving EPC number and function.

### 3.1.2. Statin Therapy {#sec3.1.2}

Statins were originally developed to modify lipid profiles in patients by reducing LDL and triglyceride levels to improve cardiovascular outcomes. However, clinical studies involving statin therapy in patients with CAD showed higher levels and mobilization of EPCs \[[@B121], [@B122]\]. These studies showed the initial promise of potentially enhancing endogenous EPCs to improve clinical outcomes. The mechanism behind statin\'s effect on EPCs is a dose-dependent augmentation of Akt phosphorylation within minutes, which yields an increase in mobilization, migration, proliferation, and survival of EPCs \[[@B121]\]. Elevated EPC levels have also been observed with statin therapy in patients with CAD, acute myocardial infarction, and post-CABG \[[@B123]--[@B125]\]. From a vascular repair perspective, patients who develop ISR have also been shown to have functionally impaired EPCs \[[@B16], [@B17]\]. In a previous review, we demonstrated that statin therapy resulted in a significant rise in circulating EPCs over control, with a median increase of 70.9% (range from 25.8% to 223.5%) \[[@B43]\]. The considerable variance in EPC augmentation following statin therapy most likely reflects differences in the definition of EPCs employed as well as varying isolation techniques.

### 3.1.3. GSK-3*β* {#sec3.1.3}

Glycogen synthase kinase (GSK-3*β*) is a serine/threonine kinase that phosphorylates *β*-catenin to negatively regulate the Wnt signaling pathway \[[@B126]\]. The Wnt signaling pathway plays an essential role in mobilization of EPCs and enhancement of neovascularization \[[@B127]\]. This pathway produces multiple secreted glycoproteins which regulate many cell processes, including hematopoiesis and stem cell function. Our group showed for the first time in an in vitro experiment that the inhibition of GSK-3*β* was associated with increase in EPC levels and reduction of EPC apoptosis. In vivo, we observed that GSK-3*β* inhibition resulted in an improvement in reendothelialization and reduction of neointima formation following injury \[[@B42]\].

Patients with diabetes mellitus (DM) have reduced EPC levels and increased rates of apoptosis. In addition, diabetics have shown higher level of GSK-3*β* activity that resulted in higher levels of phosphorylated *β*-catenin. DM-EPCs are associated with reduced mobilization, migration, and homing to sites of injury \[[@B128]\]. Our group has shown that treatment with GSK-3*β* inhibitors reduced apoptosis, increased VEGF production, and enhanced EPC invasive capacity in vitro. Proteomics analysis of DM-EPC versus normal EPC revealed 37 uniquely regulated proteins. Cathepsin B was identified as the protein that mediates enhanced invasive capacity of EPCs after GSK-3*β* inhibition \[[@B129]\]. Although the direct mechanism of action remains unclear, other studies appear to support our findings. Activation of Wnt/*β*-catenin pathway during human mesenchymal stem cell differentiation was associated with upregulation of Cathepsin B \[[@B130]\]. Although more studies are required on the application of GSK-3*β* inhibition to enhance EPC function, it appears to be a promising avenue for future therapeutic development.

### 3.1.4. Stents {#sec3.1.4}

As discussed, coronary stents have markedly advanced from simple metal scaffolds to sophisticated drug-delivery systems to facilitate arterial healing \[[@B5]\]. Drug-eluting stents (DESs) routinely used for PCI are coated with antiproliferative and anti-inflammatory agents, with first-generation DESs utilizing sirolimus and paclitaxel. Paclitaxel was originally developed as a treatment for ovarian cancer, preventing cellular proliferation via inhibition of microtubule regulation during mitosis \[[@B131]\]. Subsequent work then demonstrated its affinity for inhibiting smooth muscle cell and neointima formation, leading to its development for DESs \[[@B132]\]. Sirolimus (rapamycin) was originally developed as an antifungal agent, but its use was limited due to its immunosuppressive properties. However, it was also noted to suppress NI formation lending itself well to DES implementation. It enacts its effects via blocking G~1~ to S phase progression in cell cycle via inhibition of mammalian target of rapamycin (mTOR) kinase \[[@B133]\]. As the role of EPCs in vascular healing became apparent, novel technologies then focused on discovering means of increasing EPC recruitment and proliferation specifically at the site of stent deployment and subsequent endothelial injury \[[@B134]\].

The first stent to harness the healing capacity of EPCs was the Genous monoclonal anti-human CD34 coated stent \[[@B135]\]. This EPC-capture stent consisted of a stainless steel scaffold covered in a covalently coupled polysaccharide polymer with CD34 antibodies. The Healing-FIM trial compared EPC-capture stent versus bare-metal stents, demonstrating similar NI hyperplasia between the two cohorts and suggesting that the EPC-capture stent failed to inhibit NI hyperplasia \[[@B135]\]. While initially a promising concept, subsequent randomized trials have actually revealed increased ISR with the Genous stent compared to the paclitaxel-eluting stent, paradoxically suggesting increased NI hyperplasia with this technology \[[@B136]\]. These disappointing results are felt to be related to three factors: (i) the stent scaffold itself was an early generation device (thicker struts without any antiproliferative medication), (ii) CD34 is a surface antigen common to various progenitors and may result in nonspecific binding to the stent thereby promoting NI hyperplasia, and (iii) patients with CAD are known to have reduced number and functionality of EPCs \[[@B5], [@B15]\]. Moreover, the HEALING II registry reported that patients with normal levels of CD34+KDR+ EPC titers had lower rates of ISR compared to patients with reduced levels of EPCs -- supporting the notion that augmentation of endogenous EPCs may be key to this success \[[@B137]\]. Hence, attempting to harness rare and dysfunctional cells is likely of little benefit. Accordingly, future trials tried to address the state of the endogenous EPCs available by combining statin therapy with Genous stenting to improve reendothelialization \[[@B138]\]. In a recent 5-year follow-up study of patients treated with Genous stent target lesion revascularization, stent thrombosis, and ISR were stabilized within 12--24 months and up to 5 years \[[@B139]\]. Further data is needed to better understand the role of EPC-capture stent technology in conventional PCI.

To further refine this technology, the EPC-capture stent has been combined with a paclitaxel-coated balloon with intent of reducing the noted NI proliferation and ISR that plagued first-generation Genous stents given its antiproliferative properties. The Perfect Stent study studied 120 patients with CAD who were treated with EPC-capture stent followed by paclitaxel-eluting balloon after dilatation. This approach was successful in reducing restenosis \[[@B140]\] and may well represent the future direction of this technology. Similarly, the Combo stent (OrbusNeich Medical, Fort Lauderdale, USA) is composed of EPC capturing technology combined with a sirolimus-eluting stent to minimize NI formation. The total concentration of sirolimus is half of what is found in a standard DES, but it is released in the same fashion. Preclinical trials in porcine models showed reduced NI thickness in the Combo stent compared to the standard sirolimus-eluting stent, low-dose Combo stent, and everolimus (sirolimus-analog) eluting stent \[[@B141]\]. In 2013, Haude et al. published the prospective, multicenter, randomized evaluation of an abluminal sirolimus coated bioengineered stent (REMEDEE) trial, comparing the Combo stent with the paclitaxel-eluting Taxus Liberte stent and demonstrate that the Combo stent was superior to the paclitaxel stent at 9-month angiographic follow-up because of in-stent late lumen loss with values of 0.39 ± 0.45 mm and 0.44 ± 0.56 mm, respectively \[[@B142]\]. This demonstrated the initial safety and efficacy of Combo stents in comparison to first-generation DESs, but further data is still required to establish this technology. While augmenting and maximizing endogenous EPCs show some promise, an alternative approach involves the direct administration of exogenous EPCs.

3.2. Transplantation of Exogenous EPCs {#sec3.2}
--------------------------------------

Stem cell therapies have been developed as new treatment regimen for patients suffering from acute myocardial infarctions since the early 2000s. The first of these trials involved the injection of bone marrow-derived mononuclear cells (BMMNC) in 10 patients at the site of infarct following balloon dilatation \[[@B143]\]. Since then, numerous trials injecting BMMNC have been conducted following revascularization by both PCI and CABG to assess myocardial recovery \[[@B144]--[@B146]\]. This success has led to large randomized controlled trials of progenitor cell transplantation worldwide \[[@B147]--[@B149]\], including myocardial infarction \[[@B150]\].

The procedure involves harvesting bone marrow under general anesthesia from the bony pelvis. CD34+ or CD133+ hematopoietic progenitor cells (similar surface markers as the EPCs defined earlier) are isolated from the BMMNC and then cultured for 2--4 weeks to obtain a sufficient yield of progenitor cells. These cells are then injected directly into the patient\'s heart at the site of injury during PCI. The timing of stem cell injection varies in studies from first 24--48 hours to four weeks after PCI. Also, the dose of cells that were administered varied considerably within these large trials anywhere from 10^6^ to 10^10^ cells \[[@B147]--[@B150]\]. Overall, major trials showed no significant mortality difference between those who received stem cell transplant and those who did not receive cells in the short term. In addition, a Cochrane review on stem cell treatment for acute myocardial infarction revealed no significant reduction in cardiovascular mortality or major adverse cardiovascular events after cell therapy in short- and long-term follow-up \[[@B65]\]. While certainly intriguing and promising, this technology is still in its infancy, and considerable advancements are needed for this to establish itself as a legitimate therapeutic option.

4. Conclusion {#sec4}
=============

Our understanding of the complex environment that is the vessel wall remains incomplete. Certainly, the discovery of EPCs holds great potential for both the monitoring and therapy of vascular disease, particularly in repairing the endothelial injury incurred by modern interventions. Be it by augmentation and exploitation of endogenous cells or direct transplantation of cells to areas of need, both approaches show promise. However, despite considerable efforts over the past few decades, our understanding of the definition, signaling, and differentiation of these enigmatic progenitor cells remains imperfect, hampering further developments. Only once these fundamental components are clarified will progenitor cells be able to advance and emerge as a legitimate therapeutic option.
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![Mechanisms of EPC-mediated vascular repair: (a) coronary stenting resulting in arterial injury. Placement of coronary stent to treat obstructive coronary artery disease (CAD) with plaque being pushed into vessel wall and denudation of endothelial cells (ECs) causing vascular injury. Circulating EPCs then home to the site of vascular injury and mediate repair via either transdifferentiation or paracrine effects. (b) Transdifferentiation of EPCs: EPC transdifferentiates into ECs (black arrows) to repair denuded endothelium. (c) Paracrine effects of EPCs: EPCs secrete numerous chemokines (blue) which stimulate surrounding cells to proliferate and migrate towards site of injury to regenerate the EC layer (black arrows). (d) Reendothelialization: endothelial layer is restored with coronary stent underlying regenerated EC layer. Adventitia (brown), media (pink), endothelial cells (orange), EPCs (green), erythrocytes (red), and leukocytes (white).](SCI2017-8270498.001){#fig1}

![Definition of endothelial progenitor cells (EPCs). (a) Flow cytometry: analysis of whole blood samples by flow cytometry utilizing various combinations of antibodies tagged with fluorophores raised against surface antigens such as CD34+/VEGFR-2+, CD34+/VEGFR-2+/CD133+, or CD34+/VEGFR-2+/CD45(dim) to isolate populations. (b) Culture assay: obtained via Ficoll-based centrifugation of whole blood to isolate and culture the buffy-coat layer composed of peripheral blood mononuclear cells (PBMCs). I and II use adherent cells after removal of nonadherent cells. I, EPC culture on fibronectin plate; II, culturing these cells on collagen plate forming endothelial colony forming cells; III, isolation of nonadherent cells for culture to generate colony forming units (CFUs).](SCI2017-8270498.002){#fig2}

###### 

Evolution of cell-surface markers for endothelial progenitor cell isolation (2014--2016).

                                                   CD34   VEGFR-2/KDR   CD133   CD31   CD45
  ------ ----------------------------------------- ------ ------------- ------- ------ -----------
  2014   Liao et al. \[[@B45]\]                    Yes    Yes                          CD45(dim)
  2014   Chi et al. \[[@B46]\]                     Yes                  Yes             
  2015   Shim et al. \[[@B47]\]                    Yes                          Yes    CD45(dim)
  2015   Martí-Fàbregas et al. \[[@B48]\]          Yes    Yes           Yes             
  2015   Wang et al. \[[@B49]\]                    Yes                  Yes             
  2015   Tam et al. \[[@B50]\]                     Yes    Yes                           
  2015   Sandra et al. \[[@B51]\]                  Yes    Yes           Yes             
  2016   Ricottini et al. \[[@B52]\]               Yes    Yes           Yes            CD45(dim)
  2016   Lanuti et al. \[[@B53]\]                  Yes    Yes           Yes            CD45(dim)
  2016   De Ciuceis et al. \[[@B54]\]              Yes    Yes           Yes             
  2016   Qin et al. \[[@B55]\]                     Yes                  Yes             
  2016   Niederseer et al., early EPC \[[@B56]\]   Yes                                 Yes
  2016   Niederseer et al., late EPC \[[@B56]\]    Yes    Yes                          CD45(dim)
  2016   Kung et al. \[[@B57]\]                    Yes    Yes           Yes             
  2016   Liu et al. \[[@B58]\]                     Yes    Yes           Yes             
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